Scattering is used to probe matter and its interactions in all areas of physics. In ultracold atomic gases, control over pairwise interactions enables us to investigate scattering in quantum many-body systems , four-wave mixing 6,7 and correlations between counter-propagating pairs [8] [9] [10] . However, a regime with strong stimulation of spontaneous collisions [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] analogous to superradiance 21-23 has proved elusive. In this regime, the collisions rapidly produce highly correlated states with macroscopic population. Here we find that runaway stimulated collisions in Bose-Einstein condensates with periodically modulated interaction strength cause the collective emission of matter-wave jets that resemble fireworks. Jets appear only above a threshold modulation amplitude and their correlations are invariant even when the number of ejected atoms grows exponentially. Hence, we show that the structures and atom occupancies of the jets stem from the quantum fluctuations of the condensate. Our findings demonstrate the conditions required for runaway stimulated collisions and reveal the quantum nature of matter-wave emission.
in the opposite direction. Side-view absorption images of the condensates indicate that atoms are predominantly ejected in the horizontal plane (see Fig. 1d ). All of these behaviours are observed throughout a wide range of frequencies f = 1-10 kHz.
To understand the microscopic process responsible for the ejection of atoms, we extracted the kinetic energy per atom by monitoring the distance of the atoms from the condensate over time. We found that each atom had kinetic energy equal to half of the quantum of the oscillating field, E k = hf/2, where h is the Planck constant (Fig. 1e) . This relationship indicates that the ejected atoms come from collisions in which two atoms absorb and equally share an energy of hf from the modulation and are ejected in opposite directions. From this microscopic perspective, the situation is similar to collisions between two condensates, during which counter-propagating pairs of atoms are ejected while conserving momentum and energy 4 . The preferential emission in the horizontal plane and the jet structure are indicative of a collective collision process occurring throughout the condensate; uncorrelated s-wave collisions should generate a diffuse, spherical shell of outgoing atoms. The observed features suggest that atoms produced in each collision stimulate further scattering into the same outgoing direction. Sufficient driving makes this stimulation run away and causes large numbers of atoms to go in particular directions and appear as jets, while other directions have far fewer atoms and appear nearly empty. Note that the small, constant average scattering length is important for suppressing elastic collisions, which scatter the atoms out of the jets; that is, with sufficiently large positive or negative average scattering lengths a dc , we no longer observe jets. Furthermore, the disk shape of the condensates precludes strong stimulation for atoms emitted vertically, which rapidly escape the condensate before stimulating further collisions. This anisotropy results in the predominantly horizontal emission that we observe.
Runaway stimulated scattering occurs only when outgoing atoms stimulate further collisions faster than they escape the condensate. We estimate that the ejected atoms escape at a rate Γ = αv/R where
is the velocity of an ejected atom with mass m and α is a dimensionless constant of order unity 13 . Moreover, a careful theoretical treatment yields an excitation rate for the ejected population γ = 2hna ac/ m, which is proportional to the modulation amplitude and the density n of the condensate (see Methods). Therefore, runaway stimulation occurs if the excitation rate exceeds the escape rate, γ > Γ. When only the modulation amplitude is varied, we can recast the threshold condition as a ac > a t , where
t is the threshold amplitude.
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To test for the existence of a threshold for jet formation, we measured the number of atoms ejected from the condensate at many different modulation amplitudes (see Fig. 2a ). Below the threshold, only a few atoms are ejected in a diffuse cloud, primarily from spontaneous scattering. Above a certain amplitude, which we identify as the threshold amplitude, the condensate suddenly starts ejecting many atoms in the form of narrow jets. We further tested the predicted behaviour of the threshold (equation (2)) by varying the modulation frequency to change the velocity of outgoing atoms (equation (1)) (see Fig. 2b ). Our results verify the expected dependence a t ∝ f and yield the empirical value α = 2.1(1), where the value in parentheses indicates the standard error of the mean.
Many essential features of the jets are characterized by their correlations [11] [12] [13] [14] [15] [16] [17] [18] [19] 22 . Specifically, we calculate the angular correlation function
where n(φ) is the angular density of atoms emitted at an angle φ, δ(φ) is the Dirac delta function and the angle brackets denote averaging over ensembles of many images (see Methods and Fig. 3a) . We consistently detect two peaks in the measured correlation functions, one near φ = 0° and the other near φ = 180°. The peak near φ = 0° results from collectively stimulated collisions, which lead to preferential bunching of the ejected atoms into the same modes. The second peak near φ = 180° appears because forward and backward jets are mutually stimulating as a result of conservation of momentum in the underlying pair-scattering process.
We derive the theoretical correlation function by calculating the time evolution of the excited outgoing modes by assuming that they are initially in the vacuum state and using the Bogoliubov approximation for the condensate [11] [12] [13] [14] [15] (see Methods). Our system is particularly amenable to this treatment because the condensate can be considered homogeneous and stationary. From this treatment, the theoretical correlation function is Fig. 3a inset). The slight reduction in the height of g (2) (0°) is probably a result of our finite imaging resolution and of a small amount of spontaneous emission into non-horizontal modes.
In addition to the jet profile, the correlation function (see equation (3)) also gives the variance
of the number of atoms ejected in a direction θ, N θ . For runaway stimulation and many ejected atoms, the standard deviation is proportional to the number of ejected atoms (σ ∝ N), supporting the observed jet-like appearance. This differs from the case of spontaneous scattering, where the fluctuation σ ∝ N comes only from shot noise, leading to a diffuse halo. We note that, while the images in Fig. 1c may appear to suggest a dichotomy between occupied and empty modes, the mode occupancy distribution is in fact unimodal and the appearance of jets merely reflects the large variance.
Conservation of momentum in pair scattering should, in principle, cause each jet to be accompanied by a counter-propagating partner, such that the peak in g (2) near φ = 180° has the same area as the peak near φ = 0°. The ratio of the peak areas gives A(180°)/A(0°) = 70%-85%, which suggests that this expectation is largely met. However, the peaks near φ = 180° are shorter and wider than those near φ = 0°. We note that the profiles of the peaks near φ = 180° are much more sensitive to technical distortions of the atom trajectories, such as a small residual trap potential corrugation, since this peak comes from atoms on opposite sides of the image, which were separated by approxi mately 150 μ m at the time of detection. In addition, broadening of the correlation peaks has been predicted for analogous systems 17 . Further investigation into the differences between the two peaks is required. The correlation function is remarkably consistent throughout the amplification process, even when the number of atoms in jets grows by an order of magnitude (see Fig. 3 ). When the modulation duration τ varies from 2 to 14 ms, we find that both the width and the height of the peak near φ = 0° remain constant. This observation is consistent with the expectation that the gain in our system is isotropic in the horizontal plane; as a result, the stimulated emission into each horizontal mode depends only on its occupancy, and the runaway stimulation does not change the jet structure.
Since the correlations appear to be time-independent, the distribution of atoms in the amplified jets should reflect the fluctuation of the original condensate. Thermal fluctuations are expected to be negligible because the thermal population − ≤ .
(where k B is the Boltzmann constant) of atoms per outgoing mode is small for our condensate, which has a temperature of T = 7 nK and modulation frequencies f ≥ 1 kHz. As a result, quantum fluctuation should dominate the initial population, suggesting that we should observe parametric amplification of the vacuum fluctuation. To probe this feature further, we calculated the apparent number of atoms per outgoing mode as a function of the driving time (see Fig. 3c ). We estimated the number of outgoing modes as M ≈ 180°/Δ θ = 78, where Δ θ = 2.3° is the measured half-width at half-maximum of the peak at g (2) (0°). The growth of the number of atoms per mode over time is well described by an exponential fit until the depletion of the condensate becomes relevant. This exponential fit extrapolates to an apparent initial number of 1.0(3); in the case of quantum fluctuation, this value represents a virtual population.
An important prediction is that the width of the jets has a simple relationship with the size of the condensate and the modulation frequency through the Heisenberg uncertainty principle (see Fig. 4 ). In particular, the uncertainty principle suggests that the lower limit of the transverse spread of momentum in a jet Δ k ∝ 1/R is defined by the radius of the condensate, and the radial momentum k f ∝ 1/ f is determined by the oscillation frequency. As a result, the uncertainty-limited angular width follows Δ θ = Δ k/k f ∝ 1/(Rk f ). The complete calculation (see equation (4)) yields Δ θ ≈ 1.62/(Rk f ). The measured angular widths of jets emitted from condensates of various sizes and oscillation frequencies match this uncertainty limit (see Fig. 4) . Interestingly, the angular width of the jets does not appear to depend on their distance from the condensate.
The jet emission process could be further investigated as a function of the coherence length, the shape or the collective motion of the gas. One could probe excitations that are present in more exotic states of matter by amplifying them to form readily detectable jets. Moreover, the observation that jets come from parametric amplification of the vacuum fluctuation suggests that such amplification could be a method of generating twin matter waves for metrological applications [25] [26] [27] . Jet emission should also be taken into account in Floquet systems that utilize oscillating interactions 28, 29 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
Letter reSeArCH

MethOdS
Condensate preparation. Horizontal confinement is provided by a repulsive 780-nm laser, which is shaped into a circle of controllable radius by a digital micromirror device before being projected onto the atoms through a high-resolution objective lens (numerical aperture NA = 0.5). The resulting barrier has a height of h × 150 Hz and thickness of 4 μ m. Vertical (z-axis) confinement is approximately harmonic, with frequency ω z = 2π × 210 Hz and depth h × 500 Hz.
We note that the condensates of R = 6.8 μ m and 12.4 μ m used in Fig. 4 typically contain N = 26,000 and 41,000 atoms, respectively. To control the scattering length, we modulate the magnetic field around 17.22 G, near the zero-crossing of a Feshbach resonance 1 . Threshold measurement. To determine the threshold at each frequency, we measure the number of atoms ejected as a function of the modulation amplitude. Here, the duration τ is the time an atom takes to travel 80 μ m to the edge of our field of view. We fit the results using an empirical model
e ac 2 ac t a c t where A and B characterize the strength of the spontaneous and strongly stimulated contributions to emission, respectively, and Θ is the Heaviside step function. Correlation functions. We calculate the angular correlation functions (equation (3)) from our images using discrete angular slices with width 10 mrad. For each condition, we include only atoms within an annulus with inner and outer radii symmetric around the distance at which the ejected atom distribution is most dense. For Fig. 3 the annulus has thickness 10 μ m, whereas for Theory. The many-body Hamiltonian describing our system is
